Objectives. Extracellular inorganic pyrophosphate (ePPi) inhibits certain forms of pathological mineralization while promoting others. Three molecules involved in ePPi regulation are important candidates for the development of calcium pyrophosphate dihydrate chondrocalcinosis (CPPD CC). These include ANKH, ectonucleotide pyrophosphatase (ENPP1) and TNAP. We have previously showed that genetic variation in ANKH is a cause of autosomal dominant familial CC and also some sporadic cases of CPPD CC. We now investigate the possible role of ENPP1 and TNAP in CPPD CC. Methods. Exons, untranslated regions (UTR) and exon-intron boundaries of ENPP1 and TNAP were sequenced using ABI Big Dye chemistry on automated sequencers. Sixteen variants were identified (3 in ENPP1 and 13 in TNAP) and were subsequently genotyped in 128 sporadic Caucasian CPPD CC patients and 600 healthy controls using a combination of polymerase chain reaction/restriction fragment-length polymorphism analysis or using Taqman. Allele and genotype frequencies were compared between cases and controls using the 2 test. Linkage disequilibrium, haplotype and the single nucleotide polymorphism-specific analyses were also performed. This study had 80% power to detect an odds ratio of 2.2 or more at these loci. Results. No difference was observed in the allele or genotype frequencies between patients and controls at either ENPP1 or TNAP. Conclusions. Polymorphisms of ENPP1 and TNAP are not major determinants of susceptibility to CC in the population studied. Further studies of the aetiology of sporadic CPPD CC are required to determine its causes.
Chondocalcinosis (CC), disordered calcification of cartilage and/or the peri-articular soft tissues, occurs commonly amongst the elderly but the reasons for this are not well understood. Although CC is a common age-related phenomenon, it may also be caused by perturbations in the normal balance of extracellular calcium and phosphate levels. At least 5% of Caucasians show radiographic evidence of CC and the incidence rises with age to as high as 40% over 60 yrs of age. Most cases are sporadic although many families with autosomal dominant inheritance of CC have also been described, suggesting a significant genetic influence [1] .
Calcium pyrophosphate dihydrate (CPPD) is the most common mineral crystal found in articular cartilage followed by basic calcium phosphate, including hydroxyapatite (HA). Metabolic states that elevate the concentration of either calcium or pyrophosphate ions can lead to CPPD crystal deposition [2] [3] [4] . In most of these conditions, the precise nature of their association with CC is still not clear but, in most, disordered pyrophosphate metabolism plays a key role. In general, conditions which favour increases in extracellular inorganic pyrophosphate (ePPi) promote CPPD formation and inhibit calcium HA crystal formation [1, 5] . In contrast, excessive hydrolysis of PPi to inorganic phosphate promotes cartilage HA crystal formation by lowering the concentration of ePPi. Several studies have also demonstrated that CPPD and HA crystals frequently coexist in degenerative joint disease [6, 7] .
At least three factors determine levels of ePPi; first, its rate of synthesis; second, its rate of transport across cell membranes; and third, its rate of degradation. PPi is transported from the cell by mechanisms including the multiple-pass transmembrane protein ANKH. Loss-and gain-of-function mutations in ANKH and its murine homologue ank have both been described, causing excessive CPPD and HA deposition, respectively [1, [8] [9] [10] [11] .
Ectonucleotide pyrophosphatase 1 (ENPP1), one of the seven members of a family of nucleotide pyrophosphate/phosphodiesterases (also known as NPPS or PC-1) [12] , serves as a physiological inhibitor of pyrophosphate calcification, at least in part by generating ePPi from the dephosphorylation of ATP [12] . The ENPP1 gene has 25 exons and is located on chromosome 6 [13] . ENPP1, present in membrane-limited matrix vesicles, is expressed in a variety of tissues including bone and cartilage, derived from osteoblasts and chondrocytes, respectively [14, 15] . Despite the different mechanisms by which ANKH and ENPP1 generate ePPi, mutations in either can cause similar phenotypes. Thus a truncation mutation (loss of function) of the C-terminal cytosolic domain of ank that attenuates PPi channelling in ank/ ank mutant mice causes reduced ePPi, allowing widespread HA deposition, arthritis and skeletal rigidity [8] . Reduced ENPP1 activity should also cause reduced ePPi levels and similar phenotypes. ENPP1 knockout mice (Enpp1 À/À ), also known as 'tiptoe walking' (ttw/ttw) mice, spontaneously develop progressive ankylosing intervertebral and peripheral joint hyperostosis and articular cartilage calcification [1, 16] . In humans, variants of ENPP1 have been associated with ossification of the posterior longitudinal ligament (OPLL) [1, 17] . OPLL occurs predominantly in middle-aged and elderly men. It is often asymptomatic but may cause spinal stiffness and occasionally compressive myelopathies [18] . It is also associated with chondrocalcinosis [19] . In human infants, severe ENPP1 deficiency was recently linked to a syndrome of spontaneous infantile arterial and peri-articular calcification [1, 20] .
Tissue-non-specific alkaline phosphatase (TNAP), one of a family of four homologous human alkaline phosphatase enzymes, is also present in matrix vesicles. It catalyses the hydrolysis of PPi, thereby decreasing the extracellular concentration of this natural inhibitor of PPi crystallization. The TNAP gene locus on chromosome 1 consists of 12 exons [21] . Deletion of TNAP in mice (Akp2
) results in a model of infantile hypophosphatasia which is characterized by rickets, osteomalacia, spontaneous bone fractures and increased PPi levels [22] [23] [24] . In humans, more than 65 mutations have been reported to cause hypophosphatasia (summarized at http://www.sesep.uvsq.fr/database_ hypo/Mutation.html).
In health, the functions of ENPP1 and TNAP appear to be balanced; loss of ENPP1 function causes excess bone formation and mineralization, but loss of TNAP function causes hypomineralization and bone fragility. It is of interest that mice lacking both ENPP1 and TNAP (crossbreeding the Enpp1 À/À and the Akp2 À/À mice) have essentially normal ePPi levels [25] . Thus, ENPP1 and TNAP are crucial, directly antagonistic regulators of bone mineralization, influencing the normal steady-state levels of PPi [25, 26] .
Recent evidence demonstrates that ANKH variants are linked to at least some familial and some, but not all, sporadic CC [9] [10] [11] 27] . Since both ENPP1 and TNAP affect PPi levels, they are strong candidates for involvement in at least some sporadic cases of CPPD CC. We therefore investigated whether variations in ENPP1 and TNAP genes are associated with CPPD CC in a set of Caucasian patients from the UK.
Patients and methods

Patients and controls
All 128 patients with sporadic CC were UK Caucasians. Clinical onset of symptoms occurred after 50 yrs of age and none had a family history of early onset CC. Patients were recruited from out-patient clinics at the Nuffield Orthopaedic Centre in Oxford, UK, following informed consent. The study was approved by the Oxford Research Ethics Committee. Eighty patients (62.5%) were ascertained by radiographic evidence of chondrocalcinosis (defined as widespread disease involving linear cartilage calcification of at least two knee compartments and/or involvement of or more than two joints other than the knee); 48 patients (37.5%) were identified from the records of synovial fluid analysis in the histopathology department. Patients with known hypercalcaemia or haemochromatosis were excluded. Six hundred healthy Caucasian blood donors from the same geographic area were studied as controls. Genomic DNA was extracted from peripheral blood leucocytes from all the study subjects by chloroform/ phenol methods.
Mutation screening and genotyping
Mutation screening was performed by direct sequencing of the 25 exons of ENPP1 and 12 exons of TNAP, including the exonintron boundaries after polymerase chain reaction (PCR) data 1) . DNA from 24 patients with CC and 24 from healthy controls was sequenced. Using 48 samples, there was 95% power to detect minor alleles with frequency of 0.03. Sequencing was carried out using ABI Big Dye chemistry on an ABI 3700 automated sequencer (Applied Biosystems, UK). The single nucleotide polymorphisms (SNPs) were subsequently genotyped either by PCR/restriction fragment-length polymorphism analysis (RFLP) or by Taqman (Kbiosciences, UK).
Statistical analyses
ENPP1 and TNAP genotype and allele frequencies in patients and controls were compared by standard x 2 contingency table analysis. Genotype relative risks were estimated by the method of Lathrop [28] .
Linkage disequilibrium analyses
The pair-wise linkage disequilibrium (LD) (D 0 ) between SNPs was calculated by haploxt and summarized graphically by the program Graphical Overview of Linkage Disequilibrium (GOLD) [29] .
Haplotype and the SNP-specific analyses
Single marker and two-marker sliding window haplotype analyses were also performed using the program 'Whap' (available at URL: http://www.genome.wi.mit.edu/$shaun/whap). Empirical significance levels were determined by permutation testing, and are corrected for the number of analyses performed, taking into account LD between markers.
Power calculation
This study has 80% power to detect an association at a significance level (P ¼ 0.05) with an odds ratio of 2.2 or more, assuming a codominant genetic model, and that the genotyped SNPs themselves are disease-associated variants or are in complete LD with the true causal variants (R 2 ¼ 1).
Results
Three variants were identified in ENPP1 and 13 variants in TNAP. None of these variants has been reported in Hap Map. There was one non-synonymous SNP in ENPP1, but three out of four coding region SNPs in TNAP changed amino acids (Table 1) . Two SNPs in ENPP1 and six in TNAP were novel. Genotypes of all the SNPs of ENPP1 and TNAP were in Hardy-Weinberg equilibrium. No association was detected between any of the SNPs and CC (Table 1) . Empirical P-values from 100 permutations for ENPP1 were >0.1 and for TNAP were >0. 
Discussion
In this study, eight new SNPs in ENPP1 and TNAP were identified. We have provided strong evidence that ENPP1 and TNAP are not significantly involved in sporadic CPPD CC of late onset. This study had good power (80%) to detect the relatively strong genetic effects (equating to odds ratio of 2.2 or more) that might be found in complex traits with polygenic influences. Three and thirteen polymorphisms in the coding region and exonic flanking sites were identified in ENPP1 and TNAP, respectively, and were further genotyped. No association of any ENPP1 or TNAP variants with susceptibility to disease was found. Although one coding region SNP in ENPP1 and three out of four coding region SNPs in TNAP changed amino acids (Table 1) , these were all conservative substitutions (hydrophilic amino acids). However, because of the power of the analysis, it is not possible for us to exclude modest genetic effects of the variants in this study.
ENPP1 and TNAP have contrasting influences on ePPi aberrant levels of which are strongly associated with CC. However, our results strongly suggest that variants of these genes are unlikely to be a major cause of CPPD. Two of the three SNPs in ENPP1 are in strong LD while all the variations in TNAP show very high LD; it is therefore highly unlikely that any other common polymorphisms in the unsequenced region of introns or regulatory sequences causing CC exist in either gene.
Although ENPP1 polymorphisms have been associated with OPLL and juvenile vascular calcification [1, 30] , a firm causal relationship is yet to be established [12] .
Suk and colleagues [31] recently reported a short tandem repeat polymorphism located in the promoter region of ENPP1 that is associated with hand osteoarthritis (OA) in an isolated Chuvasha population. A high prevalence of CPPD crystals in OA joints has also been reported [32] , but whether there is any common mechanism causing CPPD in CPPD CC and OA is unknown. It is not clear how many of these Chuvashians cases have CPPD deposition or whether this promoter polymorphism in ENPP1 has any functional role in crystal deposition.
Numerous mutations in TNAP have been reported in hypophosphatasia, which is associated not only with defective bone mineralization but also CPPD CC and high ePPi levels [33] . However, it would appear that similar mechanisms rarely, if ever, account for sporadic CPPD CC on its own.
A number of other studies have shown that insulin-like growth factor 1, matrix metalloproteinase 13 (collagenase 3), osteopontin, interleukin-8 and transglutaminase 2 may be directly or indirectly involved in the regulation of PPi levels and mineralization in mouse models or human knee articular cartilages [34] [35] [36] [37] [38] . All of these are potential candidates for involvement in CPPD CC.
In conclusion, our mutation screening and genotyping results indicate that variants of ENPP1 and TNAP are unlikely to provide a major genetic contribution to sporadic forms of CPPD in our CC population. However, we cannot formally exclude a role for these genes in other ethnic groups. 
